The purpose of this paper is to study the implications of introducing a stochastic stock in a multi-gear and age structured bio-economic model for the Northern Atlantic Bluefin tuna. In order to account for variations on the recruitment, uncertainty is introduced on a bilinear recruitment function, and it is represented by an exponential random error term leading the stock to be, on average, higher than in the deterministic case.
Introduction
An important problem in fisheries economics concerns the optimal management of transboundary and highly migratory fishing stocks. Situations of severe depleted stocks are well known, due mostly to economic incentives and the absence of efficient regulations. The Northern Atlantic Bluefin tuna falls in this group of concerns. Being characterized by two separate stocks, the Eastern and Western Atlantic, it has been harvested at a high rate by several different gears that target different age classes, especially in the East Atlantic 1 . Still, several countries, both coastal and distant water fleets are tempted to enter this fishery because of the high market value placed upon this species, especially by the Japanese market. Owing to this pressure, the Bluefin tuna stock has decreased giving rise to some concern. It, therefore, calls for both national and international regulations, monitoring and enforcement, although the highly migratory nature of the resource has resulted in a difficult management problem.
A bio-economic model was developed in Pintassilgo (1999) in order to study the optimal use of Bluefin tuna in a deterministic context. Two different management policies were considered: the constant total allowable catches and the constant fishing effort. The results enhance that it is optimal to restrict effort, both in the East and the West Atlantic 2 .
Nevertheless, it seems obvious, from the observation of the real world that uncertainty should be introduced in the aforementioned model. In fact, for the Bluefin tuna, the recruitment is stochastic and it can result in occasionally huge recruitment that can improve the Bluefin tuna stock, reducing the present concern with this species. In fact, the case of the spring spawning herring that recovered from a severe depletion owing to an occasionally huge recruitment (Bjorndal 1998) . Therefore, the present study differs from earlier work in the sense that it introduces uncertainty on the Bluefin tuna recruitment, thus representing an extension to the deterministic model.
In this paper, a stochastic discrete time multi-gear and age structured bio-economic model is developed. In order to account for variations on the recruitment, which result from empirical observation, uncertainty is introduced on the recruitment function, and 1 In 1982, the International Commission for the Conservation of tunas (commonly known as ICCAT), established a dividing line bewteen the East and West Atlantic separating the stocks based on morphometric differences, in order to facilitate the stock assessement 2 For more detailed information see Pintassilgo (1999) .
according to Kirkwood and Barry (1997) , it is represented by an exponential random error term leading the stock to be, on average, higher than in the deterministic case.
The purpose of this paper is to study the implications of uncertainty on the bionomic equilibrium and the optimal management policies. In the latter, the constant total allowable catches (TAC) and the constant fishing effort are examined as economic policies that remain effective over time and across a broad range of objectives and are adaptable in the face of stochastic changes to the resource or its
environment.
The open access quickly becomes unprofitable and is seen to involve substantial depletion of the stock. Concerning the optimal management of this species, the regulation should be undertaken through the effort both in the East and the West
Atlantic. This result is somehow expected as regulation through effort allows for more flexibility in the adjustment. The results enhance the similarity between the optimal policy choices obtained in both the deterministic and stochastic models. Nevertheless, the shock on the recruitment should be taken into account as for certain realizations of the random variable the results may reveal the constant TAC as the optimal economic instrument to regulate this fishery, due to the low level of the Bluefin tuna stock. Thus, the manager must be aware that the regulation through the fishing effort may turn out to be an inefficient measure.
The paper is organized as follows. In the next section, the stochastic bio-economic model is explained, emphasizing the introduction of the stochastic elements. Section 3 presents the results both for the open access and the optimal management. Section 4
gives some insights on the optimal results obtained after uncertainty is resolved and finally, section 5 concludes the paper.
Stochastic Bio-economic Model
An age-structured and multi-gear time discrete stochastic bio-economic model is developed to examine the Northern Atlantic Bluefin tuna fishery. Kirkwood and Barry (1997) developed a biological model in order to capture the inter-relations between the different gears, the associated age classes and locations. Both the biological equations and the economic model, including the links between these two models, have been described in detail in Pintassilgo (1999) . As the model used in this paper is -5 - an extension to a stochastic context, we will not go into detail once again of all the equations. An effort will be made in the explanation of the new elements introduced under uncertainty. Nevertheless, a general description of the model is presented in the Appendix.
Model Description.
In the biological model developed by Kirkwood and Barry (1997) , the recruitment is assumed to occur at discrete time intervals. Moreover, recruits will normally join the parent population one-year after spawning. In fact, this kind of approach has been used in several applied studies, namely for the Norwegian Spring Spawning Herring studied in Bjorndal (1988) .
Three different recruitment functions were examined: the Shepherd, the Beverton and Holts and the bilinear recruitment functions. The latter recruitment function with a lognormal error provided the best fit to the stock-recruitment data. In the bilinear relationship, the recruitment is assumed to be on average constant at R max , for spawning stock biomasses (SSB) above a minimum level, but on average it declines nearly to zero for SSBs below that minimum.
As uncertainty is introduced, the functional form is given by: Note that an exponential multiplicative error is considered. As the expected value of this random variable is greater than one, the average stochastic biomass will clearly be higher than the deterministic biomass. There is an upward bias that is in accordance with the historical data.
Additionally, a second element of stochastic variation was incorporated:
uncertainty around the estimated stock levels at age at the beginning of 1996, reflecting uncertain current stock levels. Therefore, the initial stock levels are described by
, where θ follows a normal distribution with mean zero and coefficient of variation equal to 0.1. As nothing is said on this matter, a multiplicative lognormal error is assumed to be reasonable. The stock recruitment relationship parameters for the East and the West Atlantic stocks used in this study are presented in table 2 below. 
Model Implementation
Two stochastic bioeconomic models were developed in Matlab, for the East and
West Atlantic respectively, in order to examined the bionomic equilibrium as well as the optimal management of Bluefin tuna. Several Matlab procedures have been created so as to perform simulations and optimizations of the models. The forecasting period is 25 years, as it seems a reasonable horizon for economic analysis and regulation enforcement. Nevertheless, this forecasting horizon was extended to 100 years and the optimal management results were not significantly affected.
An error term for each forecasting period is needed. In order to account for this random variable, two samples of errors were created in Matlab, respecting the distribution, the mean and the variance suggested both for the East and the West Atlantic (these samples are shown in the appendix). These samples were then introduced in the simulation of the open access and in the optimization procedures.
Note that the sample is quite small. Nevertheless, a larger sample of errors does not imply changes in the optimal results. Therefore, due to huge complexities introduced in computational terms, we opted for a smaller one.
Open Access
The Bluefin tuna stock has been traditionally harvested by several countries, both coastal and distant water fleets. The lack of cooperation between these nations led to a situation of overexploitation of the species. In contrast to the West Atlantic where some regulation was enforced for this fishery in the eighties, the East Atlantic fishery is characterized by an open access scenario, which is leading to the decrease in the Bluefin tuna stock.
In the open access case, the fishing nations are myopic in the sense that they are only concerned with the best decision in each period separately, given the previous year's profit results. Concerning the Matlab procedures, the expected value of each relevant variable is simulated, given on one hand the sample of errors created and on the other hand that each event may happen with equal probability.
As in the deterministic model, the market dynamics in this case is established through the effort in the following way:
Whenever there is a considerable change in profits effort changes accordingly by a certain proportion, otherwise the effort remains unchanged.
Optimal Management
In the management of fishery resources several policies may be recommended. Of particular interest are policies that remain effective over time and across a broad range of objectives and are adaptable in the face of stochastic changes to the resource or its environment. In the present work, two alternative policy instruments were examined: the constant total allowable catch and the constant fishing effort.
For the purpose of this analysis, it is assumed that the resource in question is managed by a risk neutral sole owner whose objective is to maximize the discounted expected total net present value over 25 years, in order to choose the best policy instrument to preserve the Bluefin tuna stock, that is:
where T=25 is the last forecasting year and G is the number of gears. In the East Atlantic G=5 and in the West Atlantic G=4.
For both the East and the West Atlantic, two models of optimal management are presented. The first uses total catches as a control variable while the second assumes that fishing effort can be regulated.
Results
The results of the two models will be examined, both for the open access and the optimal management.
Open Access
In this model, several simulations were undertaken. It is interesting to begin by examining the average stochastic recruitment evolution. Note that, the recruitment for -9 - the 25 years of analysis and for each vector of errors from the sample defined above was calculated and afterwards an average recruitment by year was obtained. The average stochastic recruitment is initially at its maximum but as the spawning stock biomass decreases, it also decreases. It is clear that the trend followed The situations depicted are not surprising and do not differ significantly from the results obtained in the deterministic model. As expected, the average stochastic stock is above the deterministic stock, given the way the error term was introduced and whose mean is greater than one. Nevertheless, the impact of this uncertainty is not significant on average. As can be seen from the figures above, the deterministic and stochastic trends are very close. This may be explained by the fact that the stock decreases very fast and the error has a smaller effect on small numbers.
Additionally to the average variables, two percentiles were calculated: the percentiles zero and 100, which represent the values below which are zero and one hundred percent of the sample values, respectively. These percentiles give some insight about the variability introduced on each relevant variable. It is important to examine and take into account the limit scenarios that may occur, in order to manage efficiently the resource.
Examining the results, it is clear that some variability exists. Despite the low variability in the biomass, note for instance, the case of the longline and trap profits in the East Atlantic that, in certain situations, may attain very negative levels whereas in others it can remain positive throughout the period before the extinction of the species. In the former situation, the fishing gears experience such huge losses that the expected total net present value is negative, resulting from a smaller Bluefin tuna biomass and consequently lower catches. In the latter scenario, certain fishing gears, the ones shown in the figures above, may not experience any loss while harvesting this species. This is the result of a higher biomass and higher catches. Note however that there is no effect on the moment of total depletion of the stock. This is explained In this case, in the following year, the effort decreases and catches are even lower, and so on. This leads the stock to be less harvested being depleted at the same moment as in the deterministic context. The opposite reasoning can be applied for the scenario of no losses. Both the above results implied by the uncertainty were not possible to attain in the deterministic context.
Optimal Use
As in the deterministic model, the two alternative policies to be enforced are the constant total allowable catches and the constant effort. In the former, a constant catch is determined and in the latter, the effort in 1996 is a percentage of that in 1995.
It is clear that the constant effort is more flexible for the fishing gears, allowing for higher net present values than the former. Nevertheless, when the stocks are very low due to severe depletion, a stricter policy such as the constant total allowable catch may be advisable in order to allow for a better recovery of the stock, as we will see later.
The study focused on two different cases. In the first, it is assumed that all fishing gears will either be subjected to a total allowable catch whose distribution among gears is based on the shares observed in 1995, or will change equally the fishing effort. This scenario will be denoted restricted optimization hereon. In the second, in both the constant allowable catch and the effort change, the gear structure is unrestricted. This will be denoted by unrestricted optimization. The former scenario is examined because, given the existing fishing gears, it seems reasonable to adopt a specific policy that maintains the existing structure of fishing gears and regulates them as a whole. It may be difficult and unpopular to implement a policy that shuts down a specific gear, as it will happen in the second scenario.
Again, it is interesting to start by examining the average stochastic recruitment. Note that in both the constant TAC and constant effort scenarios, the spawning stock biomass is always above the spawning stock minimum, thus, the recruitment is always at its maximum. The stock evolution is not different from the deterministic one.
The optimal management results are displayed in Tables 3 and 4 , beginning with the restricted optimization. It is interesting to analyze some of the previous results. Focusing on the expected total net present value (ETNPV), it is interesting to observe the difference in value resulting from the implementation of both a TAC and a constant effort. The explanation may be associated with the more flexibility of the effort instrument, as said earlier. As the Bluefin tuna biomass is larger on average, the economic agents may optimally adjust the recommended effort to the harvest. Therefore, the effort is to be regulated, both in the East and the West Atlantic.
The second situation examined is the unrestricted optimization whose results are given in table 4 below. The results of the stochastic unrestricted optimization do not differ substantially from the results of the deterministic model, for this sample of errors.
Therefore, the fishing effort should be regulated, both in the East and the West Atlantic.
Thus, the optimal management of Northern Atlantic Bluefin tuna can be settled upon a deterministic bio-economic model without any prejudice of obtaining inaccurate economic results, given the parameters considered in the biological model.
In fact, owing to this similarity of the results of the two models, the deterministic model should be used as the stochastic one adds a great complexity to the Matlab program.
Results after uncertainty is resolved
In the previous section, the expected total net present value was optimized given the overall sample of errors. Nevertheless, only one realization of the random error will occur and it is interesting to examine whether the optimal policy decided both in the deterministic context and on the earlier section remains effective for the realizations of all the vectors of errors, given the sample studied. Note that we leave the stochastic context and start working on a sort of deterministic context, given that uncertainty is resolved and a specific error vector is observed. Additionally, this will allow for a better knowledge of the eventual impacts of the different error vectors.
From the results obtained, it can be said that, in the East Atlantic, the constant effort is the optimal policy to be applied either in the stochastic optimization or after the uncertainty is resolved, independently of the realization of the random variable.
Nevertheless, in the West Atlantic the results are not that straight forward. The previous section discussed that a constant fishing effort policy should be implemented instead of a constant TAC. Nonetheless, if the optimization is undertaken for the realization of each vector of error, it can be concluded that, for certain realizations, the optimal policy becomes the constant TAC and not the constant fishing effort. This result occurs whenever the uncertainty leads to lower biomass levels. Comparing the results obtained maximizing the total net present value with respect to both instruments in these specific cases, if the TAC is implemented, the results reveal an initial fishing effort which is higher than that obtained from the implementation of a constant fishing effort but becomes lower in the year 2020. The same reasoning is applied to the catches. Concerning the profits, these follow the same trend as the previous variables. Given this, the total net present value is higher when a TAC is applied. This result is clear. For low levels of the Bluefin tuna stock, it is necessary to implement a more strict policy that control the harvesting rates allowing the stock to recover. In this cases, regulate the fishing effort would not allow for a strict control over the catches and could lead to an excessive catch, endangering the species.
Thus, if the manager chooses to regulate the fishing effort, this decision may turn out to be sub-optimal, depending on the realization of the random variable. The manager should be aware of this possibility.
This analysis is important in that it gives some insight of the possible scenarios that may occur and about what is the best policy and instrument to use for each realization of the error term.
Conclusions
The Northern Atlantic Bluefin tuna is a species that urges to be regulated in order to prevent its stock from being totally depleted. Owing to its highly migratory nature, both national and international cooperation is necessary to enforce optimal regulations. Furthermore, it is characterized by a stochastic recruitment that is taken into account in the analysis.
Focusing on the bionomic equilibrium, the results show that the open access quickly becomes unprofitable and is seen to involve substantial depletion of the stock, both in the East and the West Atlantic. Additionally, the introduction of uncertainty in -15 -the recruitment function does not affect the average results, which are similar to those found in the deterministic model.
Concerning the optimal management results, the conclusions are identical. The similarity between the stochastic and the deterministic results may be explained by the low variance suggested for Bluefin tuna.
Nonetheless, for the purpose of this species and this study, it can be concluded that the optimal policy to be implemented should be decided based on the deterministic model in order to avoid extra and unnecessary complexities to the Matlab model.
In spite of this result similarity, the shocks on the recruitment should be taken into account, to give the manager some insight about the possible scenarios that may occur after uncertainty is resolved. In particular, it is interesting to note that for low levels of recruitment leading to low levels of the biomass, it is optimal to restrict the Bluefin tuna catches so as to allow for the stock recovery. Therefore, in these cases, restrict the fishing effort turns out to be a sub-optimal economic policy. 
